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Radiocesium (134Csþ 137Cs) concentrations, primarily derived from the Fukushima accident inMarch 2011,
were measured in litterfalls and green leaves of Japanese ﬂowering cherry trees (Prunus x yedoensis cv.
Somei-Yoshino). The samplingwas performedmainly during the defoliation season in 2011 and 2012 using
traps to collect litterfalls before contact with the ground. The average radiocesium concentration in lit-
terfalls in 2012 fell to one-third of that in 2011 (0.43 and 1.2 kBq kg-DW1, respectively). Interestingly, the
concentrations in litterfalls collected in late autumn in both 2011 and 2012 (0.68 and 0.19 kBq kg-DW1,
respectively) were signiﬁcantly lower than those in litterfalls collected in the early autumn (1.7 and
1.1 kBq kg-DW1, respectively). In addition, the reductions in radiocesium concentrations in the litterfall
were nearly synchronous with those in potassium concentrations (p 0.05). On the contrary, radiocesium
concentrations in green leaveswere also correlatedwith potassium concentrations; however, the slopes of
the regression lines between the radiocesium and potassium concentrations were very similar in the 2011
litterfalls and the 2012 litterfalls, while the slopes were signiﬁcantly different between these litterfalls and
the green leaves. Consequently, the correlation between potassium and radiocesium was clear but inde-
pendently observable in each of the litterfalls and the green leaves. It is possible that the reduction in
radiocesium concentration occurred as a part of physiological demand, a translocation of potassium from
the leaves to the body/twigs.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
A large earthquake and tsunami hit northeastern Japan on 11
March 2011 and triggered a severe accident at the Fukushima Dai-
ichi Nuclear Power Plant (FDNPP; located at 37.41868N,
141.02215E). Large areas surrounding the plant were contami-
nated with radionuclides consisting primarily of 131I, 134Cs, and
137Cs (Yamamoto et al., 2012; Endo et al., 2012; Amano et al., 2012).
Even in areas relatively distant from the FDNPP, such as our insti-
tute in Abiko (located at 35.87815N, 140.02487E; approximately
200 km SSW from the FDNPP), the contamination increased the
gamma radiation dose rate to nearly 10 times pre-accident levels
(data not shown). The initial radionuclide fallout was observed onPower Plant.
þ81 4 7183 3347.
shihara).
r Ltd. Open access under CC BY-NC16/Mar/2011 as dry-deposition; however, the major parts of the
fallout were observed on 21/Mar/2011 with rainfall in Abiko
(Morino et al., 2011; Terada et al., 2012).
Woody species of plants warranted particular attention because
they are effective aerosol interceptors (Bunzl and Kracke, 1988;
Sokolov et al., 1990; Petroff et al., 2008; Pröhl, 2009). More than
50% of the total contamination in an evergreen forest in Fukushima
was in the canopy at 5 months after the accident (Forestry Agency,
2011; Kato et al., 2012; Hashimoto et al., 2012). The removal of
litterfalls from the 20 m  20 m forest ﬂoor reduced the sur-
rounding gamma radiation dose rate by as much as 60e70%
(Tsuboyama, 2012). These ﬁndings indicate that trees and litterfalls
are an important target for decontamination, especially in resi-
dential areas; however, it is unknown to what degree and how long
the effect of litterfall-removal lasts. In addition, protocols for
treating biological waste possibly containing radioactive materials
(e.g., litterfalls and pruned twigs) need to be developed. In fact,
unsorted burning of biological wastes at local incineration plants
increased radio-contaminated ashes and induced a shortage of the
temporal stock yards (Fukushima Prefecture, 2012). This delayed
decontamination, and forced storage of raw biological waste on-ND license.
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litterfalls could be predicted, it would be highly useful for estab-
lishing policies for management and/or practices for gardens, green
belts, orchards, and forests.
From a physiological/ecological perspective in trees, it is easily
conceivable that radiocesium concentrations in trees/litterfalls
ﬂuctuate, and this may affect the redistribution of radiocesium in
the environment. In fact, variations in macro and micronutrients,
such as nitrogen, phosphate, potassium, and certain metals, are
well documented for litterfalls (Ostman and Weaver, 1982;
Duchesne et al., 2001; Hagen-Thorn et al., 2006). Retranslocation
and leaching are considered to be the primary sources of variation
(Duchesne et al., 2001). In addition, it is known that the phenom-
enon is highly element- and plant species-dependent. It is also
notable that the behavior of radiocesium in plants is considerably
similar to that of potassium (Ronneau et al., 1991; Zhu and
Smolders, 2000; Maathuis and Sanders, 2006). However, most re-
ports that describe radiocesium concentrations in trees demon-
strate annual changes of the activity in green leaves and twigs/
branches, but few describe radiocesium levels in litterfalls or refer
to radiocesium recycling in plant bodies. Previous reports on lit-
terfalls have always described the surface sediment on the forest
ﬂoor but not aging leaves themselves before their dispersion to the
ground (Strandberg, 1994). At the outset, we provide data showing
clear, speciﬁc changes in radiocesium concentrations in litterfalls of
the most popular ornamental woody species in Japanese urban
areas, Japanese ﬂowering cherry (Prunus x yedoensis cv. Somei-
Yoshino), in 2011 and 2012. The results are discussed in relation
to the physiological and ecological behaviors of radiocesium and
other elements.
2. Materials and methods
2.1. The study site and target trees
The study site was in Abiko (Laboratory of Environmental Sci-
ence, CRIEPI; the total area is 17.3 km2), which is located approxi-
mately 200 km SSW from the FDNPP. The relative location of the
study site to the FDNPP is indicated in Fig. 1A. The gamma radiation
dose rate at the site was approximately 0.3e0.5 mSv h1 during the
sampling period. Surface soils samples of 5 cm depth around the
target trees contained 0.82e3.4 kBq kg-DW1 of 134þ137Cs at the
beginning of the sampling (Yoshihara et al., 2013). Abiko has a
moderate monsoon climate (the average of 2011 and 2012 total
annual rainfall and annual daily temperature are 1262.3 mm and
15.4 C, respectively; Japan Meteorological Agency, http://www.
jma.go.jp/jma/menu/report.html). The targets stood alone or asFig. 1. A schematic description of the experimental site. A. The relative location of the studparts of colonnades and grow on bare ground. The basal soil type
was pale ando soils overlaid with a thin organic layer (National
Land Agency, 1983). For further descriptions related to the site,
refer to the previous paper (Yoshihara et al., 2013).
The sampling targets are the most popular ornamental woody
species in Japan (Prunus x yedoensis cv. Somei-Yoshino, Japanese
ﬂowering cherry). The distributions of the targets in the study site
are plotted in Fig. 1B. The ages of the individual stands in Abiko
were not speciﬁcally known; however, they were assumed to be
approximately 30 y of age based on the timing of planting. The
trees’ heights were 9.6e14.4 m, and the diameters at breast height
were 100e140 cm.
2.2. Sampling procedure
Litterfalls, consisting primarily of fallen leaves, were sampled in
both 2011 and 2012. In detail, the sampling was performed ﬁve
times each in two distinct defoliation seasons from 5 September
2011 to 31 October 2011 and from 31 August 2012 to 15 November
2012. The interval of the sampling was basically every two to three
weeks. Samples from ﬁve stands were collected and independently
measured with respect to the concentrations of radiocesium and
eleven elements as shown below. Two box-type traps, each
1 1 1 m3, were randomly set under each target stand to collect
litterfalls before they contacted the ground. Litterfalls collected
with the two traps at the same time for the same stand were mixed
together and treated as one sample.
Living leaves of each target stand (i.e., green leaves) were
collected on days during the vigorous growing seasons of 2011 and
2012 (6 August 2011 and 22 May 2012). The leaves harvested from
at least three independent parts of each stand were mixed and
treated as one green leaf sample. In addition, green leaf samples
were also collected four times during the defoliation season of 2012
at the same times as the litterfall sampling procedures (from 28
September 2012 to 15 November 2012). Every litterfall and green
leaf sample was dried for at least 3 d in an oven at 65 C, weighed,
and kept in the oven until further analyses were performed.
2.3. Radionuclide analysis
The dried samples were homogenized, weighed, and packed in
screw-capped polystyrene containers (56 mm diameter  68 mm
height, U-8 container, As-one Co. Ltd., Osaka, Japan) for radiocesium
concentration measurements (MEXT, 1976). We made one 3600 s
measurement per sample (no replications) unless data was under
the detection limit (approximately 1 Bq kg-DW1). For samples that
were not detectable by the 3600 s measurement, another 30,000 sy site from the FDNPP; B. The distributions of the target stands within the study site.
Fig. 2. Changes in radiocesium concentration in the litterfalls. The means (dots) and
standard deviations (error bars) of radiocesium concentrations (a total of 134Cs and
137Cs, n ¼ 5 for each plot) in litterfalls of Japanese ﬂowering cherry trees are plotted in
order of sampling date (in elapsed days after the assumed deposition; 21 March 2011).
Radiocesium concentration is displayed after adjustment to the assumed date of
deposition. Different letters on the standard deviations indicate signiﬁcant differences
(p  0.05) among the data for each season based on TukeyeKramer’s multiple com-
parison tests after log conversion.
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equal to the number of observed stands (i.e., n ¼ 5). A Ge-
semiconductor detector (GEM20-70, ORTEC, Oak Ridge, TN)
coupled with a mulch channel analyzer (MCA7600, SEIKO EG&G,
Tokyo, Japan)was used to evaluate 134Cs and 137Cs concentrations in
the samples. Before the measurements, the detector was calibrated
using a serial standard volume sourcemade of aluminumandmixed
radionuclides (MX033U8PP, Japan Radioisotope Association, Tokyo,
Japan). The relative uncertainty of the measurements was approxi-
mately 4.8%. Radiocesium concentrations were corrected for phys-
ical decay to the date of assumed deposition (21 March 2011).
2.4. Elemental analysis
After the nuclide analysis, a 1-g aliquot of each dried samplewas
wet-ashed with a solution of HNO3 and H2O2 for two nights at
110 C and dissolved in 15 ml of 1 N HCl. Elemental concentrations
were measured using inductively coupled plasma atomic emission
spectrometry (ICP-AES, type P-4010, Hitachi, Japan) at wavelengths
of 249.677 (B), 589.592 (Na), 279.806 (Mg), 213.617 (P), 766.490 (K),
317.933 (Ca), 293.930 (Mn), 239.562 (Fe), 324.754 (Cu), 213.856
(Zn), and 308.215 (Al) nm.
2.5. Statistical analysis
The radiocesium concentration data followed a log-normal dis-
tribution. Thus, the data were log-transformed for the statistical
analysis. Thedata for the elemental concentrationsweredirectly used
for the analysis. TukeyeKramer’s multiple comparison tests and
Student’s t-tests were performed with the Kyplot (ver. 4.0; KyensLab
Inc., Tokyo, Japan) software package. Regression lines and correlation
coefﬁcients (Pearson’s r) were calculated for radiocesium and potas-
sium concentrations both in litterfalls and green leaves with another
software package, Origin (ver. 6.1J; OriginLab Co., MA, USA).
3. Results and discussion
3.1. Annual changes in radiocesium concentrations
The average radiocesium (134Cs and 137Cs) concentration among
all the observed ﬂowering cherry litterfalls was 1.2 kBq kg-DW1 in2011, whereas it was 0.43 kBq kg-DW1 in 2012 (Fig. 2 and
Table S.1). In other words, the average concentration in 2012
decreased to approximately one-third of that in 2011 even after
elimination of the effect of natural decay. The difference between
the 2011 and 2012 levels would mainly caused from removal of
radiocesium by rain/wind. Immediately following deposition onto
the tree surface, the particles appeared to move by rain and wind
comparatively easily (i.e., outer-translocation). In fact, radiocesium
detected in the leaves of cherry and other deciduous species in 2011
is considered to be a result of secondary contamination from
trunks, branches, and twigs because leaves were not developed at
the time of fallout (Tagami et al., 2012; Nakanishi et al., 2012;
Yoshihara et al., 2013). However, the particles would then gradu-
ally establish a tight bond with plant bodies and leaf surfaces after
being deposited. The fact that particles on plant bodies and leaves
can be seen as spots by autoradiography indicates the difﬁculty of
particle retranslocation after the establishment of a tight bond to a
leaf surface (Momoshima et al., 2011; Nakanishi et al., 2012; Tanaka
et al., 2013). Such a slightly-movable fractionwas likely to represent
a considerable part of the radiocesium in the litterfalls of 2011, and
might boost radiocesium concentrations in the litterfalls of 2011
more than those of 2012.
The radiocesium concentrations in green leaves collected dur-
ing the growing season in each year were nearly the same
(0.69 kBq kg-DW1 on 6 August 2011 and 0.78 kBq kg-DW1 on 22
May 2012; Fig. 3A and Table S.1). A possible explanation for the
discrepancy in the annual changes of radiocesium concentration
between litterfalls and green leaves mainly involves the large
deviations in the data for the green leaf samples of 2012. A part of
the green leaf samples might be disproportionately contaminated
by the outer-translocation of the fallout particles. However,
another explanation, which is related to the recycling or root
uptake of elements (i.e., inner-translocation), remains to be
considered. This possibility is discussed in detail in relation to
seasonal changes in radiocesium concentrations in the following
section.
3.2. Seasonal changes in radiocesium concentrations
Radiocesium concentrations in the litterfalls of Japanese ﬂow-
ering cherries showed a time-dependent decrease during the
respective defoliation seasons in 2011 and 2012 (Fig. 2 and
Table S.1). To be precise, the radiocesium concentrations in litter-
falls collected in late October 2011 (0.68 kBq kg-DW1) and mid
November 2012 (0.19 kBq kg-DW1) were 40% and 17% of those
collected in early September 2011 (1.7 kBq kg-DW1) and late
August 2012 (1.1 kBq kg-DW1), respectively. On the contrary, the
seasonal decreases in radiocesium concentrations were not statis-
tically signiﬁcant in green leaves due to their large deviations
(Table S.1). Consequently, there was no signiﬁcant correlation be-
tween the litterfalls and the green leaves collected at the same
times in 2012 (Fig. 3B). These ﬁndings suggest that the seasonal
decrease in radiocesium concentration in green leaves was still in
progress and that the decreasing rate gained with leaf senescence.
A possible cause for the seasonal decrease could be physiological
changes in trees, such as retranslocation/resorption of an essential
nutrient from the leaves to the body/twigs, in addition to the nat-
ural effect of leaching into the environment. In relation to this
assumption, Sombré et al. (1994) demonstrated that decreases in
radiocesium and potassium concentrations in spruce litterfall were
not signiﬁcant, even after shaking the litterfall with water for 400 d
Tanaka et al. (2013) also demonstrated that a considerable part of
the Fukushima fallout on leaves of Cryptomeria japonica still
remained after washing with pure water, surfactant, and acetone.
Hagen-Thorn et al. (2006) indicated that potassium loss via
B134+137
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Fig. 3. A comparison of radiocesium concentrations in green leaves collected in the vigorous growing seasons of 2011 and 2012 and the correlation with the concentrations in
litterfalls collected in the defoliation season of 2012. A. The means and the standard deviations of radiocesium concentrations (total of 134Cs and 137Cs, n ¼ 5 for each plot) in green
leaves of Japanese ﬂowering cherry trees are displayed for samples collected in the vigorous growing periods of 2011 (6 August 2011) and 2012 (22 May 2012). “ns” on the standard
deviations indicates no signiﬁcant differences (p  0.05) between the data for each year based on Student’s pairwise t-tests. B. Radiocesium concentrations in litterfalls and green
leaves, which were harvested on the same day from the same stands, are plotted to see the correlation. Each dot denotes individual data for ﬁve observed stands sampled at 4
independent timings (20 dots in total) in 2012. Data are separately plotted by sampling date (closed circle, 28 September; open circle, 15 October; closed triangle, 30 October; open
triangle, 15 November).
T. Yoshihara et al. / Journal of Environmental Radioactivity 127 (2014) 34e39 37throughfall was considerably lower than that via litterfall during
autumn, at least for oak, lime, and birch. Together with our ﬁndings
based on the elemental analysis, which is discussed in the following
sections, it is probable that the seasonal decreases in radiocesium
levels in litterfalls were primarily due to the effect of retrans-
location/resorption.
The amount of radiocesium that was recycled into newly
developed leaves each year remains unknown; however, it is sus-
pected that this amount might not be insigniﬁcant. If all the sea-
sonal decreases in radiocesium in the litterfall was recycled, the
amounts would be approximately 1.0 and 0.9 kBq kg-DW1 in 2011
and 2012, respectively (Fig. 2). It is also likely that the similarity in
the concentrations of radiocesium in green leaves between 2011
and 2012 (Fig. 3A) is a result of recycling. Regarding this hypothesis,
Sombré et al. (1994) indicated that movement of cesium and po-
tassium occurs to a great extent in newly formed spruce needles,
particularly during the growing period. However, the recycling
seems to be a highly species-speciﬁc phenomenon. The difference
may depend on each leaf’s longevity and defoliation timing. In fact,
such seasonal decreases in radiocesium concentrations in litterfalls
have been seen in horse chestnut and trident maple, but not in
Japanese cedar, camphor trees, apple trees, and peach trees (un-
published results). On the contrary, in relation to another possi-
bility for the inner-translocation, root uptake of elements, some
previous studies of the Chernobyl accident indicated that radio-
cesium concentrations in spruce and oak were nearly stable at least
for the initial few years, but increased 5 y after the deposition
(Ronneau et al., 1991; Sombré et al., 1994; Strebl et al., 1999). This
means that radiocesium uptake from soil via roots can start after a
more prolonged period than via recycling. Further observations are
necessary to entirely understand radiocesium behavior in woody
plant species.
3.3. Changes in elemental concentrations and their correlations
with radiocesium concentrations
The analysis using ICP-AES for the three serial samples (i.e., the
litterfalls in 2011 and 2012 and the green leaves in 2012) demon-
strated each element-speciﬁc trend in eleven observed element
concentrations. In particular, the differences in the concentrationsbetween the green leaves and the litterfalls were clear (Fig. 4 and
Fig. S1). Six of the eleven elements (Sodium, Phosphorus, Potas-
sium, Zinc, Magnesium, and Boron) exhibited signiﬁcantly lower
concentrations in the litterfall than in the green leaves, whereas
four of the remaining ﬁve (Calcium, Manganese, Iron, and
Aluminum) instead showed signiﬁcantly higher concentrations in
the litterfall. Copper exhibited no signiﬁcant differences between
the litterfall and the green leaves. Some of the elements also indi-
cated a time dependent increase/decrease. Among these, a time
dependent decrease was very clear in every serial samples of po-
tassium (K) (Fig. 4). In addition, it was notable that the time
dependent decrease in the K concentration was highly correlated
with the radiocesium concentration (Fig. 5). The correlation co-
efﬁcients (Pearson’s r) were 0.443 (p 0.05), 0.821 (p 0.001), and
0.603 (p  0.01) in the 2011 litterfalls, the 2012 litterfalls, and the
2012 green leaves, respectively. The regression slopes were very
similar for the 2011 litterfalls (95.9) and the 2012 litterfalls (97.0),
while the slopes were signiﬁcantly different between these litter-
falls and the green leaves (19.6, p  0.02). Consequently, it is
probable that the correlation between K and radiocesiumwas clear
but independently observable in each of the litterfalls and the green
leaves. It is likely that a dissimilarity in translocation rate and/or
sequence between cesium (Cs) and K induced the difference in the
slopes. Potassium and Cs share similar chemical characteristics;
thus, Cs acts as a biological analogue of K, although Cs is not
essential for life. Since cesium-transfer factor (TF) values in certain
crops are highly affected by the soil extractable K concentration
(Gerzabek et al., 1998; Zhu and Smolders, 2000), application of K to
cropping soils in Fukushima succeeded in reducing radiocesium
concentrations in brown rice (Saito et al., 2012). In tree species,
Yoshida et al. (2011) demonstrated that the concentration distri-
butions of P, K, and Rb matched those of radiocesium in several
parts (bark, cambium, sapwood, heart wood, twigs, and needles) of
pine trees. As mentioned in the preceding section, Ronneau et al.
(1991) and Sombré et al. (1994) demonstrated a strong correla-
tion between radiocesium and potassium concentrations in
throughfall water. In contrast to these observations, Antonopoulos-
Domis et al. (1990, 1996) demonstrated that 40K concentrations in
green leaves of apricot trees time dependently decreased during
the growing seasons, whereas the 137Cs concentration was
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correlation between radiocesium and potassium concentrations is
signiﬁcantly lower in oak than in spruce (Bonnett and Anderson,
1993). These data suggest that the correlation between radio-
cesium and potassium may vary among species.Green leaves 
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(e.g., p  0.01).The autumnal nutrient decrease in leaves is a well-known
phenomenon. For example, foliar N, P, and K pools in Canadian
hardwood species (e.g., sugar maple, yellow birch, and American
beech) increase after bud break, remain constant during the sum-
mer, and decrease rapidly in mid-September (Duchesne et al.,
2001). It is believed that this decrease is a result of both foliar
resorption and leaching, although the leaching accounts for less
than 1% of the nutrient decrease (Hagen-Thorn et al., 2006). The
resorption ratio (foliar minus litterfall/foliar) varies by element,
plant species, and soil conditions (Ostman and Weaver, 1982;
Duchesne et al., 2001; Hagen-Thorn et al., 2006). Hagen-Thorn et al.
(2006) also demonstrated that the resorption ratios for Ca, Mg, Mn,
Fe, and Cu are lower than those shown for the macro-elements.
4. Conclusions
Autumnal time-dependent decreases in radiocesium concen-
trations were detected in litterfalls of Japanese ﬂowering cherry
trees in 2011 and 2012. In addition, the decreases in radiocesium
concentrations in the litterfalls occurred synchronously with de-
creases in potassium concentrations. The decreases in radiocesium
concentrations in green leaves, which were collected at the same
times as the litterfall collections, were not signiﬁcant due to large
deviations. However, decreases in potassium concentrations in
green leaves were also signiﬁcant and the potassium concentra-
tions correlated well with the radiocesium concentrations. Subse-
quently, the slopes of the regression lines between the radiocesium
and potassium concentrations were very similar in the 2011 lit-
terfalls and the 2012 litterfalls, while the slopes were signiﬁcantly
different between these litterfalls and those of the green leaves. In
other words, the correlation between potassium and radiocesium
was clear but independently observable in each of the litterfalls and
the green leaves. In general, it is possible that the reduction in
radiocesium concentration occurred as a part of physiological de-
mand, a translocation of potassium from leaves to the body/twigs.
The radiocesium concentration in leaves should decrease in a
T. Yoshihara et al. / Journal of Environmental Radioactivity 127 (2014) 34e39 39particular season at a species-speciﬁc rate. The difference may
depend on speciﬁc characteristics, such as leaf longevity and
defoliation timing. These ﬁndings may be useful for forest/garden
management, such as the development of guidelines for discarding/
burning/storing waste from gardens, green belts, orchards, and
forests in Fukushima. Continuous monitoring is necessary to
recognize/predict the variations in radiocesium concentrations in
nature, especially regarding the effects of uptake via roots and
recycling of radiocesium within woody plants.
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